Dissolved organic matter (DOM) exerts direct and indirect influences on aquatic organisms. In order to better understand how DOM causes these effects, potentiometric titration was carried out for a wide range of autochthonous and terrigenous freshwater DOM isolates. The isolates were previously characterized by absorbance and fluorescence spectroscopy. Proton binding constants (pK a ) were grouped into three classes: acidic (pK a ≤ 5), intermediate (5 b pK a ≤ 8.5) and basic (pK a > 8.5). Generally, the proton site densities (L T ) showed maximum peaks at the acidic and basic ends around pK a values of 3.5 and 10, respectively. More variably positioned peaks occurred in the intermediate pK a range. The acid-base titrations revealed the dominance of carboxylic and phenolic ligands with a trend for more autochthonous sources to have higher total L T . A summary parameter, referred to as the Proton Binding Index (PBI), was introduced to summarize chemical reactivity of DOMs based on the data of pK a and L T . Then, the already published spectroscopic data were explored and the specific absorbance coefficient at 340 nm (i.e. SAC 340 ), an index of DOM aromaticity, was found to exhibit a strong correlation with PBI. Thus, the tendencies observed in the literature that darker organic matter is more protective against metal toxicity and more effective in altering physiological processes in aquatic organisms can now be rationalized on a basis of chemical reactivity to protons.
Introduction
In freshwater environments, many abiotic and biotic processes are affected by water chemistry including natural organic matter (NOM). Aquatic NOM is a ubiquitous, naturally-occurring, heterogeneous mixture of organic compounds formed from the degradation of lignin-rich plant materials and the decay of dead organic biomass (Thurman, 1985) . Based on filtration, the NOM fraction passing through a 0.45-μm membrane is known as dissolved organic matter (DOM) of which ≥ 50% by mass is carbon (Thurman, 1985) . The concentration of DOM is widely variable in freshwater and commonly reported in mg C L −1 as dissolved organic carbon (DOC) (Thurman, 1985) . The major chemical components (~50-90%) of DOM are humic substances which are operationally divided into humic and fulvic acids (MacCarthy, 1989; Thurman, 1985) . In addition, carbohydrates, proteins, and amino acids make up lower proportions of most DOM samples (Thurman, 1985) . DOM of allochthonous or terrigenous origin is composed mainly of humic substances, while that of autochthonous source (synthesized by biological activity within the water column) is made of humic substances with higher percentages of proteinaceous materials (McKnight et al., 2001) . The heterogeneous nature of aquatic DOM is also reflected in the presence of diverse functional ligands expressing a wide range of acidity constants (pK a ) (Ritchie and Perdue, 2003; Smith and Kramer, 1999; Thurman, 1985) .
As a global regulator in freshwater ecosystems, DOM has been investigated intensively for several indirect actions on organisms; these abiotic functions including attenuation of solar radiation, influences on carbon cycling and nutrient availability, and alteration of contaminant toxicity (Williamson et al., 1999) . For example, protection against copper toxicity in the presence of aquatic DOM was correlated to the aromatic carbon content of DOM, estimated as specific absorbance at 254 or 340 nm (Al-Reasi et al., 2012; De Schamphelaere et al., 2004; Schwartz et al., 2004) . In addition, humic fractions of 9 Norwegian DOMs showed strong correlation with the protective effect against copper toxicity (Ryan et al., 2004) . Most recently, several absorbance and fluorescence characteristics were reviewed as quality indices of aquatic DOMs, and found to account for considerable variability in the protective effects against metal toxicity (Al-Reasi et al., 2011) . Many direct interactions of DOM with aquatic organisms have also been demonstrated. For example, DOM molecules may accumulate on biological surfaces, influence membrane permeability, affect basic physiological functions, and induce toxic actions (Campbell et al., 1997; Galvez et al., 2009; Glover et al., 2005; Matsuo et al., 2006; Meinelt et al., 2007; Vigneault et al., 2002; Wood et al., 2003) . These responses are widely variable, again possibly reflecting different DOM qualities.
Addressing the issue of DOM quality is a key step to understand how these ubiquitous substances act both directly and indirectly on organisms. Spectroscopic measurements have been successfully employed to tackle the quality of freshwater DOMs (Chen et al., 2002; Senesi et al., 1991) . The UV-visible absorption properties have been utilized to detect the presence of chromophores (i.e. light absorbing moieties) of the heterogeneous DOMs. Despite the fact that the absorption spectra of DOMs are usually featureless, several measures have been proposed at specific wavelengths to approximate aromaticity (specific absorbance coefficient at 340 nm, SAC 340 , Curtis and Schindler, 1997) , the intensity of UV-absorbing absorbance groups to yellowbrown ones (absorbance ratios of 254 to 436 nm, Abs 254/436 , Abbt-Braun and Frimmel, 1999) , molecular weights (absorbance ratios of 254 to 365 nm, Abs 254/365 , Dahlén et al., 1999) and octanol solubility (Abs-octanol 254 /Abs-water 254 , Gjessing et al., 1999) . Similarly, fluorescence spectroscopy provides useful measures such as fluorescence index (FI = the ratio of the emission intensity at a wavelength of 450 nm to that at 500 nm, both obtained at an excitation wavelength of 370 nm) which can distinguish source or origin of various DOMs (McKnight et al., 2001) . It also offers detailed qualitative molecular information about the major fluorophores of DOMs (i.e. light emitting moieties). For instance, excitation-emission matrices (EEMs) comprise simultaneous collections of numerous emission wavelengths over a range of excitation wavelengths (DePalma et al., 2011; McKnight et al., 2001) . The EEMs can be depicted as three dimensional counter plots and as a result, the fluorophores or fluorescent components can be visualized as a function of excitation-emission pairs of wavelengths. Recent advances in handling of the EEMs by parallel factor analysis (PARAFAC) have improved identification of the components, and estimation of their abundance and the contribution of each one to the total fluorescence (Ishii and Boyer, 2012; Stedmon and Bro, 2008) .
The long term objective of our research is to find simple-tomeasure quality parameters to facilitate source-dependence corrections to DOC inputs for metal bioavailability and toxicity modeling, and to predict direct physiological effects on organisms. To this end, acid-base titrations have been utilized as an integrated measure of overall chemical reactivity for the DOM isolates. Then, the already published spectroscopic data for the same organic matters studied (Al-Reasi et al., 2012) have been discussed thoroughly and explored for the association with titration parameters.
Materials and methods

Collection, absorbance and fluorescence measurements of DOMs
The sampling was described in Al-Reasi et al. (2012) . In brief, terrigenous and autochthonous DOM samples were collected by a portable reverse-osmosis unit from various natural freshwater bodies ranging widely in color and DOC concentrations (the clear water of Lake Ontario with ambient DOC of only 2 mg C L −1 to the brownish water of Luther Marsh of approximately 50 mg C L −1 ). In addition, two commercially available humic substances, namely Aldrich humic acid (AHA, Sigma-Aldrich Chemical, St. Louis, MO, USA) and Nordic Reservoir NOM (NR, International Humic Substances Society, St. Paul, MN, USA) were included in chemical characterization. Most of the absorbance and fluorescence measurements of the different DOM sources have been detailed elsewhere (Al-Reasi et al., 2012) . In the current study, normalized absorptions at the ultraviolet wavelength of 254 nm (SUVA 254 = Abs 254 /DOC) and at 436 nm (SCOA 436 = Abs 436 / DOC) were determined to estimate the presence of UV-absorbing and colored moieties of the samples, respectively (Abbt-Braun and Frimmel, 1999) .
The fluorescence index (FI) was used as an indicator of DOM origin (McKnight et al., 2001) to evaluate its ability to distinguish sources of our samples. For fluorescence scans, EEMs of the DOMs were obtained after re-zeroing the fluorescence spectrophotometer (i.e. subtracting EEMs of the blank, ultrapure water) to minimize the influence of Raman scattering. The absorbance at 254 nm of the terrigenous isolates exceeded 0.3 absorbance units and therefore the EEMs of these samples were corrected using the absorbance in 200-600 nm as suggested by Ohno (2002) as follows:
where I 0 is the corrected fluorescence intensity (i.e. in absence of self-absorption), I is the detected fluorescence intensity and Abs ex and Abs em are the absorbences at excitation and emission wavelengths, respectively. For each sample, the three-dimensional EEMs were processed to remove Rayleigh scattering, and then the processed EEMs were utilized to construct contour plots, a detailed fingerprint of the fluorescent components of each DOM source. For PARAFAC analysis, the spectral EEMs were modeled using the PLS Toolbox from Eigenvector Research Inc. (Wenatchee, WA, USA) as implemented on the Matlab™ platform (The Mathworks Inc., Natick, MA, USA) as described elsewhere (Al-Reasi et al., 2012; DePalma et al., 2011) . The PARAFAC modeling was carried out based on an a priori assumption of the presence of four fluorophores or components contained in the underlying fluorescence signal. Mathematically, the choice of the right number of the components to describe the fluorescence signal is difficult but it should be sufficient to describe the variation within the data set (Stedmon and Bro, 2008) . In the present study, the selection of the four components was justified according to the fact that humic substances of aquatic DOMs are operationally defined into two fractions: fulvic and humic acids (Thurman, 1985) , representing the two humic materials to be resolved by PARAFAC as humic-like and fulvic-like fluorophores. The heterogeneous DOM molecules can be separated into two chromatographic peaks; one with smaller molecular sizes and shorter fluorescence wavelengths (i.e. fulvic acids) and the other with bigger molecular sizes and longer fluorescence wavelengths (i.e. humic acids) (Wu et al., 2003 (Wu et al., , 2007 . The other two fluorophores were proteinaceous materials and labeled as tryptophan-like and tyrosine-like. The model decomposed and quantified the underlying fluorophores mathematically (93.9% of the variability was explained and residual analysis showed no systematic trends), resulting in scores that were relative estimates of the abundances for each DOM sample.
Potentiometric acid-base titrations
Acid-base titrations were performed on diluted solutions (30 mg C L −1 of BL, PE, NR, LM and AHA) and the concentrated DOM isolates of LO and DC (Table 1 ). Eight to 16 titration replicates were carried out for each DOM sample. The ionic strength of each DOM solution was adjusted to 0.01 M with addition of 5 M potassium nitrate (KNO 3 , Sigma Aldrich) and then the sample was transferred to the titration vessel. The sample was initially acidified with concentrated hydrochloric acid (HCl, Sigma Aldrich) to bring the pH down to~2.0 and titrated at~0.1 pH intervals by addition of 0.1 N sodium hydroxide (NaOH, made from standardized 1.005 N NaOH, Sigma Aldrich) to pH 12. At room temperature, all titrations were conducted in a CO 2 -free atmosphere (i.e. under purge of ultrapure N 2 gas) using an automated titrator (848 Titrino Plus attached to 801 magnetic stirrer with support rod, Metrohm Canada) with a pH electrode (Orion 8101BNWP ROSS Half-Cell Electrode, Thermo Scientific) and a double junction Ag/AgCl reference electrode (Orion 900200 Sure-Flow Reference Half Cell Electrode, Thermo Scientific). To estimate proton binding constants (pK a ) and their site densities (L T , μmol mg −1 ), the experimental titration data were fitted to a fully optimized continuous (FOCUS) model using in-house Matlab™ programs as described by Smith and Ferris (2001) . Binding site densities within a specified pK a range were determined by integration of the area under the curve in the pK a spectrum.
Statistical analysis
Data have been presented as means ± 1 SEM (n) throughout. Normal distribution of the data for each quality measure was checked by Kolmogorov-Smirnov test. If not normally distributed, they were log 10 transformed. The correlation between different DOM quality measures was then performed by the Pearson product moment correlation coefficient using SigmaStat for Windows (Version 3.5, Systat Software, Inc., Point Richmond, CA, USA). Significant correlation was established when p b 0.05.
Results and discussion
Absorbance and fluorescence indices
Absorbance and fluorescence indices have been summarized in Al-Reasi et al. (2012) . Data assessing the aromatic composition (SAC 340 ) and the presence of the UV-absorbing molecules (SUVA 254 ) and yellow-brown colored moieties (SCOA 436 ) are presented in Table 1 . The wide range of the aromaticity indices (SUVA 254 and SAC 340 ) indicated highly variable aromatic content of organic matter of the samples. Autochthonous DOMs (LO and BL) and PE (from a sewage treatment plant) had lower SAC 340 values than those of terrigenous DOMs (NR and LM) and AHA. Usually, the terrigenous organic matter is composed of higher amount of aromatic carbon and phenols than the microbially derived or autochthonous DOMs and that is why the former is optically darker than the latter. Both the SUVA 254 and SCOA 436 increased from the colorless DC and LO to golden-brown AHA ( Table 1 ). The ratio (Abs 254/436 ) provided an approximation of the abundance of UV-absorbing functional groups to the colored ones (Abbt-Braun and Frimmel, 1999) . The SUVA 254 has been frequently employed to estimate aromatic content of organic compounds because the absorbance of energy at 254 nm corresponds to π-π* transitions typical of aromatic rings (Abbt-Braun and Frimmel, 1999) . On the other hand, absorption of DOM in the visible range (SCOA 436 ) has been attributed to organic compounds with quinoide and ketoenol functional groups (Abbt-Braun and Frimmel, 1999) . SAC 340 , SUVA 254 , and SCOA 436 emphasized the higher aromatic colored organic entities for the terrestrially derived DOMs compared to autochthonous DOMs. These quality indices were strongly correlated with one another (r = 0.87-0.99), implying the consistency among all these measures to reflect the presence of aromatic and colored moieties in organic matter.
As indirect estimates of molecular weight, relatively higher values of Abs 254/365 were recorded for the autochthonous DOMs (LO, BL) and PE and lower values for the terrigenous ones (NR, LM) and AHA (Al-Reasi et al., 2012) . Previous studies have demonstrated that the ratio increases as the average molecular weight of DOMs decreases (Chin et al., 1994; Dahlén et al., 1999) . Therefore, Abs 254/365 may rank the examined DOMs in this decreasing order of average molecular weights, AHA > LM > NR > PE > BL > LO > DC. While this approach utilized absorbance ratio at 254 nm to that at 365 to indirectly look into molecular weights, determination of actual molecular weights of such complex molecules has been challenging given their ill-defined molecular structures and existence of countless isomers. Fattahi and Solouki (2003) calculated an average molecular weight of a Suwannee River fulvic acid sample using chemical equilibrium of aqueous solutions. While this cannot be validated for DOM isolates, this method resulted in a good agreement between the experimentally-calculated and actual molecular weights for chemicals with known molecular weights and structure (Fattahi and Solouki, 2003) . This index (Abs 254/365 ) and that of the yellow-brown colored moieties (SCOA 436 ) were negatively correlated (r = −0.97), suggesting that smaller DOM molecules (i.e. higher values of Abs 254/365 ) may not contribute substantially to the light absorbance by the isolates, particularly autochthonous sources.
The UV-vis absorbance-based octanol solubilities (Abs-octanol 254 / Abs-water 254 ) of our DOMs have been published elsewhere (Al-Reasi et al., 2012) . This approach was earlier employed to approximate the liphophilic nature of aquatic DOM samples from the Norwegian Lakes (Gjessing et al., 1999) . With exception of BL, DOMs of those considered autochthonous (i.e. DC, LO and PE) had higher octanol solubility than the terrigenous ones (LM, NR) and AHA (Al-Reasi et al., 2012) . The positive correlation between this physicochemical property and the molecular weight index (r = 0.78) may imply that the smaller DOM molecules are more octanol soluble (i.e. more lipophilic). The liphophilic nature index was not related to aromatic carbon composition (SAC 340 and SUVA 254 ) or to the presence of colored moieties of DOM (SCOA 436 ). Thus, aromatic and colored DOM molecules may not partition into the octanol phase. This is consistent with non-polar and colorless aliphatic carbon representing the types of moieties soluble in the octanol.
For natural sample UV/vis DOM quality parameters, it would be necessary to potentially take into account the influence of ferric iron on the light adsorption properties of chromphoric DOM (Xiao et al., 2013) . For example at 340 nm a 5 mg C/L SRFA sample has an adsorption coefficient of 18 m −1 but that same SRFA 25% saturated with Fe(III) has an adsorption coefficient of almost 50 m −1 . For the current work, our samples were subjected to cation exchange though (Al-Reasi et al., 2012) so most of the Fe(III) should have been removed prior to our spectral characterizations.
According to source classification based on FI (McKnight et al., 2001) , values of 2.5 and 1.9 for LO and PE respectively labeled their organic matter as autochthonous (Al-Reasi et al., 2012) . On the other hand, NR and LM exhibited FI values of 1.2, indicating that organic matter in these freshwater sources is exclusively terrestriallyderived (Al-Reasi et al., 2012) . The organic matter of BL, when originally sampled, was thought to be autochthonous based on visual examination on site, but it turned out to be of mixed origins (i.e. autochthonous and terrigenous) with an FI value of 1.5. An anomaly to this classification (where FI of~1.9 represents autochthonous origin and~1.4 represents terrigenous origin, McKnight et al., 2001) was the commercial AHA with a much lower FI of 0.83. Although it has been extensively used as a DOM model, AHA is not a real aquatic DOM substitute (Malcolm and MacCarthy, 1986) . Interestingly, DC had a lower FI (1.8) than LO (2.5), shifting towards a terrigenous nature. This is most likely explained by changes in the molecular and structural composition of DC due to partial removal of the original organic matter from the source (LO) by filtration and addition of new organic matter probably by leaching of the activated charcoal during dechlorination. This explanation may not exclude the inherited heterogeneity of DOM molecules. While the origin index (FI) was inversely correlated with the aromatic composition of the isolates (SAC 340 , r = −0.81, and SUVA 254 , r = −0.86), it was positively associated with the octanol solubility index (Abs-octanol 254 /Abs-water 254 , r = 0.84). Consequently and in contrast to terrigenous isolates, autochthonous DOMs would have higher amounts of dissolved organic molecules characterized by smaller sizes and higher octanol solubility. The excitation-emission spectral contour plots for the 4 fluorophores (humic-like, fulvic-like, tryptophan-like and tyrosine-like) and their concentrations (normalized to DOC) resolved by PARAFAC were earlier presented in Al-Reasi et al. (2012) . Other studies have reported similar fluorophores with characteristic fluorescence wavelengths for DOMs in different natural waters (Baker, 2001; DePalma et al., 2011; Fellman et al., 2008; Ishii and Boyer, 2012; Stedmon and Bro, 2008) . The abundance of humic-like and fulvic-like components varied widely among the different DOM isolates, likely reflecting variable sources of organic matter. The humic-like component was the dominant fluorescent component in LM, NR and AHA accounting for > 80% of their underlying fluorescence signal. In LO, BL and PE, between 16 and 50% of the fluorescence was accounted for as humic-like fluorophore (Al-Reasi et al., 2012). On the contrary, the abundance of the fulvic-like component was more prominent than humic-like for the autochthonous isolates (LO and PE) and DC (Al-Reasi et al., 2012) . It is reasonable that more autochthonous sources include a greater proportion of lower molecular weight macromolecules. The contribution of tryptophan-and tyrosine-like fluorophores to the total fluorescence was much lower than that of the humic-and fulvic-like ones. In terrigenous isolates (LM and NR) and AHA, the fluorescence of proteinaceous materials was either negligible (tryptophan-like accounted for b 5% of the total fluorescence) or completely absent ( Highly significant relationships were revealed for fluorescent components, in particular for the humic-like constituents. For example, the humic-like component appeared to govern the aromaticity of DOMs as this component was strongly and positively (r ≥ 0.90) associated with SAC 340 , SUVA 254 and SCOA 436 . Opposite significant correlations were found between the fulvic-like fluorophore and SAC 340 (r = −0.78), SUVA 254 (r = −0.82) and SCOA 436 (r = −0.80). Similarly, negative relationships were recorded for the humic-like component with octanol solubility index (r = −0.84), Abs 254/365 (r = −0.89) and FI (r = −0.86), implying that the molecules making up this fluorophore tend be of a less lipophilic nature with higher molecular sizes. Models suggest that DOM can exist as macromolecules either as random-coil shapes or aggregation of small molecules (Leenheer, 2007) . In both cases, formation of macromolecules would mean keeping the lipophilic parts away from contact with water and consequently lower octanol solubility indices would be expected. No significant correlations were observed for the fulvic-like fluorophore with octanol solubility index, Abs 254/365 and FI. For protein-like materials, the tryptophan-like component did not show any significant association with the other spectroscopic quality measures. On the other hand, the tyrosine-like component was positively related to octanol solubility (r = 0.90) and FI (r = 0.89) and negatively correlated to humic-like fluorophore (r = − 0.81). This is an indication of the tendency of the autochthonous DOMs to have a relatively higher proportion of protein-like substances.
Proton binding site densities and pK a
The acid-base properties (acidity constants (pK a ) and their densities (L T , μmol mg −1 )) of the aquatic DOM samples are summarized in Fig. 1 as pK a spectra, where site concentrations were assigned to each pK a value in the range 2.6 to 11.2. The FOCUS method was based on the a priori assumption that the pK a spectra will vary smoothly. Table 2 summarizes proton binding capacities in the range pK a ≤ 5 (acidic), 5 b pK a ≤ 8.5 (intermediate) and pK a > 8.5 (basic). In general, the proton affinity spectra showed peaks at the acidic end with pK a maximum values around 3.5 and similar sized peaks at the basic end centered around a pK a of 10. More variably positioned peaks occurred in the intermediate pK a range. The most acidic peaks were generally interpreted as carboxylic sites, and the highest pK a peaks as hydroxyl and more specifically phenolic sites (Smith and Kramer, 1999) . The oxygencontaining functional groups, in particular the carboxylates and phenols, are the most abundant in DOM solutions (Chen et al., 2006; Dudal and Gerard, 2004; López et al., 2001) . In fact, they are the most important in the determination of organic matter affinities for proton binding and metal complexation (Dudal and Gerard, 2004) . In addition, metal binding occurs within the diffuse layer by means of electrostatic interactions due to effect of ionic strength of the solutions on charging behavior of DOM molecules (Dudal and Gerard, 2004; López et al., 2001) . In the present study, the effect was ruled out since titrations of all isolates were conducted at constant ionic strength (0.01 M KNO 3 ). However, it should be noted that the titrations were carried out at DOC concentrations between 20 and 30 mg L −1 . López et al. (2001) performed titrations of fulvic acids at a concentration range of 25-90 mg L −1 and demonstrated that distribution of acid sites at each concentration may not be affected by the concentration of the electrolyte. Concerning optical properties of the same isolates (Al-Reasi Fig. 1 . pK a spectra for each organic matter sample. The specific sample is indicated to the right of each plot. The y-axis labels for each solid line correspond to the maximum binding capacity of the pK a spectrum below the line. Solid lines correspond to the mean spectrum (n in the range 5 to 15) and the dashed lines correspond to standard errors. The samples are stacked from highest SAC 340 for the top spectra to the lowest SAC 340 value at the bottom. , 2012) , basic proton binding capacities (and pK a > 8.5) demonstrated significant correlations with octanol solubility index (r = 0.82), FI (r = 0.88) and humic-like fluorophore (r = 0.77). The sum of binding capacities was significantly related to fulvic-like fluorophore (r = 0.79).
All other relationships turned out to be insignificant. Inspection of Fig. 1 illustrated that the darker organic matters tend towards less total capacity; the maximum L T values tend towards smaller values as the SAC 340 values increase. To better visualize the relationship between color and proton reactivity, a contour plot is presented in Fig. 2 with the scans presented in the same order as in Fig. 1 . There seemed to be little trend in the acidic pK a values, but overall the intensity decreased as the DOM became darker in color. The most basic peaks were more variable in location but with the same overall trend of decreasing intensity as the samples became darker in color. Based on SAC 340-350 , overall darker organic matter has been observed to be more protective metal toxicity (e.g. Al-Reasi et al., 2012; De Schamphelaere et al., 2004; Ryan et al., 2004; Schwartz et al., 2004) . Protons react at the same types of functional groups as metals; thus, at first appearance the decreased capacity with darker color appeared counterintuitive. However, carboxylic and phenolic sites are not strong metal binding centers in and of themselves, and capacity alone is not sufficient to predict potential impacts on metal bioavailability. For example, high capacity weak sites would not tend to be very protective if binding sites on the organism have higher affinity (logK). However, what determines the competition between complexation in solution and binding to the organism's surface is not the affinity constant alone (LogK), but rather the product (L T × K) (see preface in SETAC, 2009).
Relationship between spectroscopic properties and acidic functional group analysis
Several different approaches were tested to link chemical reactivity, as defined by proton pK a and L T , to optical properties. Individual acid, base and intermediate binding sites did not link to spectroscopy in any clear way, statistically or conceptually. Thus, a mathematical combination of proton binding sites is required to link reactivity and spectroscopy. The logic of the new proposed proton binding metric is as follows. In metal speciation modeling, tridentate sites represent very strong metal binding sites; monodentate sites tend to be weaker and exhibit binding at high loadings of metal (i.e., for Fe(III) in Xiao et al., 2013) whereas a tridentate site would be significant at low levels of total metal. The concept of strong tridentate binding is typified by the representation of the strongest binding sites as tridentate sites in the geochemical complexation model, Windermere Humic Aqueous Model (WHAM) (Tipping, 1998) . There are three main proton binding classes of ligands identified here and a model tridentate ligand would have three pK a values (for example, consider citric acid, phosphoric acid or diethylenetriamine). If these three sites are in 1:1:1 proportions, DOM could be represented as a single triprotic ligand. Similarly, DOM can form additional bonds with metal resulting in more stable tetradentate, pentadentate and hexadentate complexes (Chen et al., 2006) but if such strong sites exist they will occur at very low concentrations and in terms of metal binding would be saturated at levels of total metal where toxicity is observed in natural systems.
Here a Proton Binding Index (PBI) is used to measure the difference between actual measurements and the model tridentate ligand hypothesis. To estimate the potential of the organic matters in this study to show strong tridentate binding, a PBI was calculated as: Table 2 and plotted versus SAC 340 in Fig. 3(a) . Overall, darker organic matter had a higher PBI value and is expected to be more protective against metal toxicity. The seven samples used in this study were plotted versus SAC 340 (Fig. 3a) , as well as DOM samples from the NOM-Typing project as titrated in Smith and Kramer (1999) . The NOM-Typing samples were not used in determination of the regression line in Fig. 3 and without calibration these samples fall within the 95% confidence interval of the new data presented here. For comparison, the PBI value calculated from the data of Smith and Kramer (1999) for titration of Suwannee River Fulvic Acid has also been included. Thus, except for the "unnatural" AHA, all the samples considered follow the general trend of darker organic matter having higher PBI. This interpretation is consistent with the observation that darker organic matter is more protective (Al-Reasi et al., 2012; De Schamphelaere et al., 2004; Ryan et al., 2004; Schwartz et al., 2004) . From a detailed consideration of acid-base titration data, it seems that darker organic matter has a greater potential to form strong binding with metals as demonstrated by the PBI calculation. The PBI calculation involves a large assumption; that three ionizable sites are involved in tridentate metal complexation. Nevertheless, it does produce excellent correlations with color and thus tendencies for metal reactivity.
To assess PBI as a potential toxicity indicator variable, Fig. 3 (b) demonstrates a strong linear relationship (r 2 = 0.779, p = 0.008) between PBI and Cu LC 50 for Daphnia magna in the same DOM samples. The LC 50 values are taken from Al-Reasi et al. (2012) . Interestingly, the Aldrich humic acid sample now falls on the trend line; thus, PBI may in fact be a better "quality indicator" than SAC 340 . In Al-Reasi et al. (2012) , AHA did not correlate with the linear SAC 340 toxicity prediction relationship followed by the other samples. This is a reasonable possibility given that PBI is directly determined for each DOM by reactivity whereas SAC 340 is not directly related to reactivity. Aldrich humic acid is known to have high ash content, according to Chiou et al. (1987) , the ash content of Aldrich humic acid may reach up to 31%. Any reactivity of this ash content will be reflected in the PBI but not for SAC 340 which is related to aromatic groups in the DOM. Addressing the quality issue of DOM is of environmental significance not just for the direct and indirect effects on aquatic organisms but also for other processes in natural waters. For example, simple optical properties of DOM can help to improve predictions of nitrate removal (Barnes et al., 2012) and can be employed to allocate the seasonal and spatial variations in the formation of the harmful disinfection byproducts associated with the chlorination of raw water (Herzsprung et al., 2012) . In future, it will be of interest to evaluate the PBI approach in this regard.
The quality indices, explored above, provide easy-to-measure parameters obtained using simple absorbance, fluorescence, and titration measurements to probe molecular and structural chemistry of distinct aquatic DOM sources. These indices, as quality measures, will help researchers to evaluate the abiotic and biotic roles of DOM in the natural freshwaters. Concerning the protective effect against metal toxicity in particular, the spectroscopic parameters can be related to chemistry of metal binding through the PBI parameter. Our overall conclusion is that darker organic matter is more protective against metal toxicity, and more effective at interacting with physiological processes, because darker organic matter has a greater proton binding ratio as determined by PBI. The specific structural reasons for this correlation will require further investigation. 
